Abstract In examining the relation between the maximum upstroke velocity of the action potential (Vmax) and available Na conductance (agNa), the dose-response curve for tetrodotoxin (TTX) and the steadystate inactivation (ham)-membrane potential curve were obtained by measuring Na current ( In the light of the difficulty in applying the voltage clamp method to cardiac muscles, maximum upstroke velocity of the action potential ( Vmax) rather than Na current (INa) has usually been used as an index of Na channel availability (agNa) , assuming a priori that Vmax is linearly related with agNa. It has been clarified that Vmax is proportional to the maximum total inward current, which is the sum of INa and leakage current (IL) MCALLISTER et al., 1975) . Therefore, when INa is far larger than IL, Vmax is mainly determined by the gating properties of Na channel. On the other hand, when IL occupies a relatively large proportion of the total current, change in the gating property of Na channel during action potential does not precisely reflect on 'max.
In the light of the difficulty in applying the voltage clamp method to cardiac muscles, maximum upstroke velocity of the action potential ( Vmax) rather than Na current (INa) has usually been used as an index of Na channel availability (agNa) , assuming a priori that Vmax is linearly related with agNa. It has been clarified that Vmax is proportional to the maximum total inward current, which is the sum of INa and leakage current (IL) MCALLISTER et al., 1975) . Therefore, when INa is far larger than IL, Vmax is mainly determined by the gating properties of Na channel. On the other hand, when IL occupies a relatively large proportion of the total current, change in the gating property of Na channel during action potential does not precisely reflect on 'max.
In a series of arguments on the linearity of the relationship between Vmax and agNa, COHEN and STRICHARTZ (1977) have pointed out that Vmax is not linearly correlated with agNa in the condition where the fraction of the total current through the sodium channel becomes small, and they criticized the statement of voltage dependency of TTX suppression in cardiac muscle (BR et al.,1976) . On the other hand, HONDEGHEM (1978) has demonstrated a linear relation between Vmax and agNa by using the simulation experiment on a model of cardiac muscle proposed by BEELER and REUTER (1977) . STRICHARTZ and COHEN (1978) have pointed out that this model is inappropriate in simulating Vmax because the model used by Hondeghem contains unrealistic parameters for INa; m gate moves too quickly and h gate moves too slowly compared to the discharge time for the membrane. In this situation, as m has already become a steady-state value (mx) and h changes little from the resting value at the time of Vmax a strictly linear relationship between Vmax and agNa can erroneously occur within a limited range of membrane potentials.
So far, all of these arguments on Vmax and agNa are based on calculations with the nerve model or cardiac model in which the equations of INa in the simulation does not rely on the experimental data. In order to solve this problem, it is apparent that the argument should be carried out by comparing Vmax obtained by the experiment with those in the simulation which are reconstructed from the kinetic properties for INa and IL determined by a sound voltage clamp. COHEN et al. (1984) have conducted a simulation experiment in examining the linear relation between Vmax and agNa based on the kinetic data for Na channel obtained by the voltage clamp experiment and have concluded that Vmax is not an accurate measure of agNa.
Recently, YAMAOKA and SEYAMA (1986) have developed a method for preparing single ventricular cells from frog ventricle and investigated the kinetics of INa by the voltage clamp method. The present experiment was designed to evaluate the relationship between Vmax and agNa in the frog ventricular cell in an experiment as well as in a simulation.
METHODS
Preparation. The method employed for enzymatically isolating single ventricular cells was essentially the same as described previously (YAMAOKA and SEYAMA, 1986) . Single cells selected for the voltage clamp experiment ranged from 30 to 100 µm in length.
Solutions and chemicals. The compositions of the solutions are given in Table  1 . The solution employed in the voltage clamp experiments contains Mgt + in place of Ca2+ in the external perfusate for suppression of Ca current and Cs + in the internal perfusate for suppression of K current. Moreover, C1 was replaced by aspartate ion for eliminating C1 current. Employment of these solutions increases the input impedance from 10 to the range of 200 to 4,000 MSS and significantly improves the spatial control of the membrane potential during the voltage clamp BETWEEN Vmax AND AVAILABLE eNa 587 experiment. Tetrodotoxin (TTX) was purchased from Sankyo Co., Ltd. (Tokyo, Japan). Electrical recordings. The action potentials were recorded using a microelectrode amplifier with a bridge circuit and the membrane currents were recorded using a patch clamp amplifier under a whole cell clamp mode. In both experiments, suction pipettes whose tip diameters ranged from 2 to 7 ,um were employed. All the experiments were conducted at 4°C. Vmax was calculated by the method described below. The records of action potential shown in Figs. lA and 2A were digitized every 100 µs using a 9-bit digital oscilloscope with 0.5 K memory (Nihon Kohden, ATAC-350). First, fourth order polynomial equation is adopted to seven digitized points sampled sequentially from the beginning of the record with the least squares method. The slope for this equation at the midpoint is calculated and takenn as a point for dV/dt. In the next step, the fourth order polynomial equation is again adopted to 7 digital data from the point which is 2 points down from the beginning and the slope at the midpoint is calculated as the next point for dV/dt. The same procedure is repeated on 7 digital data sampled by shifting 2 points down from the starting point of the previous trial in each step all the way down to the last point.
Basis of the Model. Theoretical calculations were made by using the following equations in which all the necessary data were obtained by the voltage clamp Table   1 . Compositions of the solutions (in mM). Vol. 37, No. 4, 1987 experiment (YAMAOKA and SEYAMA, 1986; SEYAMA and YAMAOKA, 1988 
where E is in mY.
Detailed description for measuring IL will be given in a later section. The membrane action potentials were reconstructed by using the equation,
where Im is the total membrane current and Cm the specific membrane capacitance. Cm and gNa which were calculated from the experimental data are 1,iF/cm2 and 5.9 mS/cm2, respectively. Other currents, for example, slow inward currents or time dependent outward currents, were not included in the calculation. This is because in the early phase of action potential responsible for Vmax, kinetics for those currents have been found to be too slow to influence the initial phase of the action potential (unpublished data) and their contribution to Vmax should be extremely small.
Simulation for the membrane action potential was done by the Runge-Kutta method in which the time interval was set at 0.01 ms. Strength of 15-ms cathodal pulses was adjusted so as to generate Vmax at 27.5-28.5 ms from the onset of the stimulation.
Explanation for sodium channel availability and peak INa. INa in this cell is well described by the H-H type equation,
where gNa is the conductance when all the sodium channels are open, m and h activation and inactivation gating factors, and E-ENa driving force. In this study, sodium channel availability, agNa, is defined as gNa' ho, where ho is the fraction of available channel just before a sudden depolarization. Principal strategy employed in this study is to provide a change either in gNa by administering TTX or in ho by altering the membrane potential and to compare dose-response curve for TTX and 1m(E) =16.492 exp {(-E-111.708)/ 15.5386} (2) ;(E) -3.8265 x 10 -5 exp {( -32.4924-E)/12.3265} (3) flh ( 
where ocm(E), flm(E), ;(E), and f3h(E) are expressed in ms -1 and E is in mY. IL, principally composed of current through inward rectifier channel, is given by the equations,
Vmax AND AVAILABLE gNa 589 inactivation curve measured by INa with those measured by Vmax (COIN et al., 1984) . In determining agNa, measurement of peak INa gives an accurate value under the voltage clamp. If the time to peak is tp, the gating parameters of m and h at tp are given by the following equations:
where mo and ho are initial values of m and h in each conditioning state, mci3 and h~ their steady state values, and Tm and ih time constant of activation and inactivation at the potential of test pulse. From Eqs. (8) and (9), both m and h can be determined by only time-to-peak and their initial values bacause mom, ham, im, and Th are constant if the potential of applied test pulse remains constant. Since the conditioning pulses are set below -60 mV and test pulse at -20 mV in this study, both mo and h ar are extremely small. Then m can be described as m = m • { 1-exp( -tp/Tm)} and h as h = ho exp( -tp/ih). Theoretically, it is expected that tp is not constant in changing the conditioning potential, because tp is decided by the relation between m and h kinetics. In the simulation, tp varied within 0.02 ms. In the voltage clamp experiments, visible change of tp could not be observed. Therefore, it is reasonable to suppose that tp is a constant and peak INa is only representative of the function of gNa and ho. Data are presented as mean + 1 S.D. (number of observations) unless otherwise stated.
RESULTS

Physiological experiment
Dose-response curve for TTX. In the current clamp experiment, the membrane potential was kept at -80 mV by applying constant current. To elicit action potential, 15-ms cathodal pulses were applied. The intensity was adjusted so that Vmax appeared after a given time (25-30 ms) from the onset of stimulation (Fig. IA) .
In the voltage clamp experiment, the membrane potential was held at -80 mV and stepped up to -20 mV for 40 ms. This stimulation evoked an inward current as shown in Fig. l B. As the concentration of TTX in the external medim increased, the inward currents as well as Vmax were suppressed correspondingly. Dose-response curve is shown in Fig. 1C . A solid line was fitted with the least squares method to data from the voltage clamp experiment, assuming that the receptor-drug interaction occurs with a one-to-one stoichiometry. KD was estimated to be 0.027 /IM. Data of the current clamp method are not likely to differ much from those of the voltage clamp method, but the tendency to deviate from the dose-response curve of INa can be seen to be upward in the lower concentration range and downward in the higher concentration range.
Steady-state inactivation of INa. In the current clamp experiment ( Fig. 2A) , various amplitudes of conditioning pulse of 2,000 ms prior to 15-ms cathodal test pulse were applied. During conditioning pulses, the membrane potential changed exponentially and reached a steady state within 10 to 50 ms, depending on the strength during the cathodal pulse. Stimulus strength during cathodal pulse was adjusted so as to generate an action potential at 25-30 ms. The resultant relative Vmax were plotted against the membrane potentials during conditioning pulses (Fig.  2C ). In the voltage clamp experiments (Fig. 2B) , various conditioning pulses of 2,000 ms were applied, followed by test pulse to -20 mV for 30 ms. The mean values of relative peak inward currents during test pulse were plotted against the membrane potentials of the conditioning pulse (Fig. 2C) . A sigmoidal curve was drawn through the data of INa according to the equation developed by .
The data obtained with the voltage clamp and those with the current clamp method overlapped each other. However, please note the small systematic deviation of the data with Vmax from the inactivation curve.
Measurement of IL. The characteristics of IL in the medium for action potential recording (Table 1) were experimentally determined by the voltage clamp method. In order to eliminate INa and calcium current, the medium contained 2 µM TTX and 3 mM Mg2 + in place of Cat + . The application of various hyperpolarizing square pulses from the holding potential of -80 mV generated responses of squaretype current, but, depolarizing square pulses from the holding potential elicited outward currents which decreased exponentially after an instantaneous activation. This characteristic response of the membrane current is appreciable at the membrane potentials at which Vmax occurs. Time constants for decaying current were determined by fitting two exponential curves; the short time constants ranged from 20 to 140 ms and the long constants from 600 to 2,000 ms. Since the kinetics of IL are very slow, when compared with that for INa (Eqs. (1)- (4)), in the simulation IL is taken as DC current having the amplitude of instantaneous response. A noteworthy finding is that both instantaneous and steady-state I V curves show strong inward-going rectification, accompanying the negative slope region (Fig.  3A) .
Simulation experiment
Reconstruction of TTX effect. It has been clarified that in the cardiac muscle (COHEN et al., 1981) TTX suppresses specifically the sodium channel not in a potential-dependent manner but in a manner to suppress the maximum conductance similar to that in the nerve fiber (NARAHASHI, 1974) . In this study, two findings, that is (1) a relative constancy of time-to-peak of INa in solutions of various TTX concentrations and (2) dose-response curve for TTX with a one-to-one stoichiometry, are in well accord with the results obtained by COHEN et al. (1981) . Thus, in the process of Vmax calculation, suppression of INa was considered to be due to reduction of gNa.
Simulation of Vmax was carried out by incorporating the reduced gNa estimated from the dose-response curve into Eq. (6). A small change in the kinetic parameters of INa during cathodal pulses of 15 ms was also considered in the process of the calculation. In Fig. 4 , simulated Vmax and dose-response curve obtained from voltage clamp experiment were plotted against TTX concentration. When IL is taken into accont in the calculation of Vmax' Vmax becomes closer to dose-response curve, including the systematic deviation mentioned in the experimental section (Fig. 1C) .
The relative Vmax were replotted against the relative gNa which is equivalent to the relative INa (lower graph in Fig. 4) . A noteworthy point in Fig. 4 is that without the contribution of IL the relation between Vmax and gNa is non-linear, suggesting that in the frog ventricular cell a non-linear relation between Vmax and gNa arises Five small different symbols represent the experimental data in Fig. 2 , assuming that ho values for the experimental data are equal to those of h~-curve shown in Fig.  2 . Dashed line indicates the relation between h~-curve determined by peak INa (shown as solid line in Fig. 2 ) and that determined by VmaxThe latter curve is obtained by fitting the empirical equation, having slope factor = 6.64 mV and Vh = -72.5 mV, to experimental data for Vmax in Fig. 2 .
uniquely from the property of sodium channel. The graph shows that enrollment of IL gives a better coincidence of the theoretical prediction with the experimental data.
This suggests that the apparent linear relationship of the experimental data is generated from the contribution of IL to the total membrane current. fleconstruction of hc-curve. The availability curve determined with Vmax was simulated by applying the membrane potentials to the equations mentioned above (Eqs. (1)- (6)). As mentioned in the METHOD, ho indicates the availability of Na channel immediately prior to application of the stimulation and is estimated from the availability curve (solid line in Fig. 5 ). Relative Vmax in the simulation experiment are replotted against ho (lower graph in Fig. 5 ). The finding that Vmax deviate from the straight line when IL is ignored indicates that the non-linear relation inherently resides in the kinetic property of Na channel.
Components of Na channel kinetics responsible for the non-linear relation between Vmax and agNa. Figures 4 and 5 show that Vmax clearly deviates from the straight line, indicating a non-linear relation of Vmax with either ho or gNa if IL does not contribute to the total membrane current. Conducted simulation experiments provided the information as to which component of the equation, gating parameters (m and h) or driving force, induces such non-linearity. If at the time of Vmax the value of m gate and driving force remain constant and if h is a strict linear function of ho in the simulation of hr-curve or constant in the simulation of dose-response curve for TTX, Vmax should be linearly related with availability of sodium channel. Figure 6 shows how these parameters change against ho or gNa. As either ho or gNa increases, h relatively stays constant or slightly increases, while driving force and m gradually decrease in both with (.) and without IL (0). Products of these parameters at the time of Vmax continuously decline, indicating that INa is not linearly proportional to changes in both ho and gNa. Because m, driving force and their products, deviate in the same direction, it is concluded that non-linearity is mainly due to the property of m and driving force.
DISCUSSION
In this experiment, dose-response curve for TTX and h~-curve measured by Vmax (Figs. 1 and 2 ) was found to be not much different from those obtained by INa measurement with the voltage clamp method indicating that Vmax is a linear function of sodium channel availability (agNa). Since kinetics of both INa and IL, e.g. current density, maximum conductance, specific capacitance, and rate constants between channel states, have been determined experimentally (Seyama and Yamaoka,1988) , action potential can be reconstructed to clarify the mechanisms of apparent linearity between Vmax and agNa. By using all these parameters, the simulation gives Vmax of 21.36 V/s in the condition of holding potential of -80 mV which is very close to experimentally determined V max of 19.6 + 4.9 (n = 6) V/s in the condition similar to the simulation. This coincidence provides justification in using the kinetics parameters for the simulation. Simulation experiment in Figs. 4 and 5 shows that the relation between Vmax and agNa is non-linear without the presence of IL, because m gate kinetics and driving force are inversely related to change either in ho or gNa. Since flow of IL is in the opposite direction, it is considered that the total membrane current in the presence of IL should become smaller than that solely carried by INa and the change in INa is masked.
The result obtained in this experiment is in striking contrast to the findings reported by COZEN et al. (1984) that Vmax is non-linearly related with the availability of sodium channel in the Purkinje fiber. Since Vmax is a linear function of the total membrane current which is the sum of INa and IL, there is a possibility that the relative preponderance of INa over IL may induce such a contradiction. According to COLATSKY (1980) , peak sodium current density of rabbit Purkinje fiber is 0.143 mA/RF at the membrane potential of -15 mV at 18°C in holding potential of -82 mV, while the current density of INa in frog ventricular cells is estimated to be 0.088 + 0.012 mA/cm2 (n = 5) in the holding potential of -80 mV, which was converted from the current densities in the holding potential of -100 mV by using h~-curve in Fig. 2 . Difference in temperature was allowed for by adopting a temperature coefficient of 1.5 and by scaling from 4 to 18°C. It is suggested that INa in Purkinje fiber will partake in the total membrane current in a larger proportion than INa in the frog ventricular cell, and change in kinetic property of INa in the former will more directly affect the change in Vmax than in the latter. The fact that in the simulation the addition of IL to the total membrane current conceals the non-linearity of the relation between Vmax and agNa in the frog ventricular cell justifies the foregoing reasoning.
Since the apparent linear relation of Vmax with agNa in the experiment is due to a small current density of INa relative to IL, one must be cautious in using Vmax as a measure of agNa in frog ventricular cells.
